The submerged hydrocarbon layer at a depth of approximately 1100-1200 m in the water column near the Deepwater Horizon well site was associated with a temperature anomaly that was imaged by seismic reflection data collected two days before and one day after the well shut-in. Conventional multichannel seismic reflection profiling data were processed to enhance water-column reflections by filtering out low-frequency energy and applying higher gain than typically used for imaging subsurface geology. The deep layer reflectivity, within a few km of the well site, has an impedance less than seawater by about a factor of approximately 3.6 × 10 −4 , or equivalently, a negative sound-velocity step of about 0.5 m∕s. Water-column profile data collected at the same time as the seismic data show a comparable sound velocity and temperature decrease associated with the deep layer. Mixing of less dense hydrocarbons entrains cold seawater, resulting in a temperature anomaly within the deep layer at the level of neutral buoyancy. This temperature contrast explains the negative soundvelocity anomaly associated with the deep reflector. Because of the small hydrocarbon concentration in the deep layer, their contribution to the seismic velocity anomaly is too small to be significant. The high horizontal resolution (3 m) of the seismic image reveals a layer with patchiness of several hundred meters lateral extent.
INTRODUCTION
A submerged layer of hydrocarbons has been reported at 1100-1200 m depth near the Deepwater Horizon Macondo MC252 wellhead (JAG, 2010a (JAG, , 2010b Camilli et al., 2010) . Studies of this layer to date have relied on subsurface instrumentation and water sampling using ship-cabled samplers or autonomous underwater vehicles to detect the presence of hydrocarbons. Detailed studies have been conducted on these instrument profiles and samples to ascertain the chemistry and concentration of hydrocarbons. Figure 1 summarizes the data collected near the Deepwater Horizon site between 19 May and 13 July 2010. A zone of submerged hydrocarbon is seen, primarily to the north and west of the well.
We present results from processing conventional multichannel seismic reflection profiling data to test for reflections at the depth of the deep hydrocarbon layer. Our approach is to enhance watercolumn reflections by filtering out low frequency energy and applying higher gain than typically used for imaging subsurface geology (Nandi et al., 2004; Ruddick et al., 2009; Biescas et al., 2010; Mirshak et al., 2010) . Marine multichannel seismic reflection imaging was conducted by the M/V Geco Topaz at the Deepwater Horizon site both before and after discharge from the well into the water column was stopped on 15 July 2010. Our results suggest that multichannel seismic data can image the presence of the deep layer associated with the Deepwater Horizon oil spill and reveal its lateral extent.
METHODS
The collection of seismic data at the Deepwater Horizon well site was impaired by the presence of many support vessels and drilling vessels responding to the oil spill. To collect seismic data, a corridor was opened between the drilling and other support vessels so that the vessel collecting seismic data could pass directly over the well site and between two drill ships drilling relief wells located to the south of the site (Figure 1) .
The M/V Geco Topaz collected multichannel seismic data at the site using a 2000-m-long streamer with 315 channels, spaced at 6.25 m, to yield a common-midpoint (CMP) spacing of 3.125 m, setting the horizontal resolution to approximately 3 m. The seismic source was an airgun array with peak energy in the frequency band of 30-90 Hz. These data were recorded digitally at a sample interval of 2 ms. Navigation data were supplied for the streamer to give horizontal position. The source was fired at an interval of 11 s (25 m), and this gave approximately a 40-fold stack.
The seismic reflection images were produced using standard techniques that included geometry definition, CMP sorting, and stacking (Yilmaz, 2001) . The seismic data were obtained in SEG-Y format and processed with the aim of enhancing the images of reflecting layers in the water column. The processing sequence (www.sioseis.ucsd.edu) consisted of dip filtering (> þ −35 degree), normal moveout (NMO) correction, mute of seafloor reflection, stacking of CMP-sorted traces, finite-difference migration, and bandpass filtering (30-90 Hz). We used the sound velocity profile data collected near the well for NMO correction, and to convert traveltime into depth. Removing low frequency energy and using higher gain than is typical for conventional processing are key steps in enhancing resolution of the water-column data. Irregularities of the sea bottom introduced imaging artifacts into the water column during migration, so we muted the bottom reflection to allow processing of the upper portion (0-1.8 s) of the image, and we produced an image without migration for application to the sea bottom ( Figure 2 ).
Vertical resolution is related to the frequency content of the source and can be approximated by one wavelet (in this case, about 30 m). It might be possible to attain higher vertical resolution by approximately a factor of two using source wavelet deconvolution (Biescas et al., 2010; Yilmaz, 2001 ). However, we chose not to apply deconvolution to simplify interpretation of the single deep reflection, and to avoid introducing possible processing artifacts because reflections from the deep layer are weak.
A surrogate for hydrocarbon presence can be obtained from ultraviolet fluorescence. The R/V Brooks McCall (JAG, 2010b) measured fluorescence profiles using a WET Labs ECO Fluorometer, from which was calculated the colored dissolved organic matter (CDOM) near the well on 13 July 2010, at the same time as the seismic data we present before well shut-in (left panel, Figure 2 ). The R/V Brooks McCall also collected water-column profiler data using a Sea-Bird SBE 19 plus V2 SEACAT Profiler. The raw data were processed at the National Oceanographic Data Center using Seabird Electronics Data Processing Software version 7.20d. Sound velocity was derived from temperature, pressure, and conductivity using the equations of Chen and Millero (1977) .
A previous study using simultaneous seismic reflection and physical oceanographic observations, revealed the utility of seismic reflection imaging in studying oceanic fine structure. This study showed that the method has a temperature sensitivity of approximately 0.03°C at water-mass boundaries in the Norwegian Sea (Nandi et al., 2004) . In the present study, we image reflectivity changes on a constant density surface, an isopycnal, with comparable changes in temperature to that seen by Nandi et al. (2004) , but arising solely from changes in sound velocity along the isopycnal.
RESULTS

Seismic imaging
The seismic reflection profiles from before and after the well shut-in (Figure 2) show a reflector at depths of 1100-1200 m (1.5-1.6 s). This deep reflector is seen primarily at the north end of the seismic line ("deep layer" at 2-4.5 km north of well in Figure 2 ) both before and after the well shut-in. On 13 July 2010, it appears that the deep reflector has a slight downward slope to the north. Unfortunately, the data are noisy in the vicinity of the well and contain point reflectors, probably related to the presence of the relief wells and drill ships ("ship noise" in Figure 2 ), obscuring our ability to image the deep layer. On 16 July 2010, the reflector appears to slope downward to the south (toward the well), but appears less continuous, with segments of differing reflectivity. Many prominent water-column reflections are seen in the upper 750 m (1 s) of the profile. These reflections are a result of structure in the thermocline, that portion of the water column where both the temperature and salinity gradients are changing rapidly in the vertical direction, but are continuous over large horizontal distances.
The high spatial resolution of multichannel seismic imaging allows delineation of areas with high reflectivity. The horizontal resolution of the images collected by the M/V Geco Topaz are about 3 m, set by parameters of the seismic data collection discussed in the next section. A detailed image of the deep reflector, during discharge of oil, is shown in Figure 3 without horizontal compression. There is a discontinuous character to the deep reflector at 1100-1200 m, extending laterally as a continuous reflection for at most 200-500 m. In contrast, the thermocline layers at 150-750 m generally extend for more than 1000 m laterally.
The bandwidth of the seismic source does not allow for resolution of the vertical structure of the submerged layer. Vertical resolution is related to the frequency content of the source and can be approximated by one source wavelet (in this case, about 30 m). Only a single reflection from the upper interface of the deep layer is seen in Figure 3 as a blue-red-blue line of about 30 m vertical extent. The structure of the deep layer beneath the first reflection is not resolved. The southern portions of the seismic lines (not shown) also suggest the presence of the deep reflecting layer, but at a diminished signal-to-noise ratio. A diminished concentration of gas-oil south of the well is consistent with the point sampling data shown in Figure 1 . The extent of the noise-contaminated region in the seismic image near the well is ∼2 km, because of the presence of the ships drilling relief wells and receiving oil from the damaged well.
Profile data
The R/V Brooks McCall water-column profile data reveal a positive CDOM anomaly at a depth coincident with the seismic reflector (Figure 2) . Further detail of this water-column profile, at the depth coincident with the seismic reflector, is shown in Figure 4 . This example has a significant CDOM anomaly (4.2 μg∕L), along with a negative sound-velocity step (0.24 m∕s) coinciding with the peak in CDOM. There is also an associated temperature decrease (0.09°C) at the same depth (1140 m).
Temperature, fluorescence, and sound-velocity profile data from all R/V Brooks McCall casts collected near the wellhead on 13 July 2010 are presented in Figure 5 . Profiles that lack fluorescence anomalies do not have sharp temperature and sound-velocity steps at the 1100-1200-m depth range, both in data collected by the R/V Brooks McCall (Figure 5) , and by other vessels collecting profile 
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data in response to the oil spill (JAG, 2010b) . Figure 5 shows one profile without a fluorescence anomaly (127) and three profiles with fluorescence anomalies (128, 129, 130) . The profiles with large fluorescence anomalies (e.g., 130, see Figures 2 and 4) are associated with negative steps in temperature and sound speed with increasing depth. The profile without a fluorescence anomaly (127) shows a smooth monotonic increasing sound velocity and decreasing temperature with increasing depth.
Layer reflectivity and sound-velocity step
A sketch of the water-column reflections and multiple bottom reflections is shown in the top portion of Figure 6 . The sketch illustrates reflection wavelets for the thermocline, deep reflecting layer, water bottom, and water-bottom first multiple (after two reflections from the seafloor). A single trace from the 13 July seismic image that passes through a strong portion of the deep reflecting layer is shown in the lower portion of Figure 6 . Each segment of the trace is plotted with varying gain so segments appear with consistent amplitude. The bottom reflection is present at 1.93 s (1450 m) and has a positive polarity in the seismic trace (main peak is black), confirming a positive step up in the impedance contrast between the seawater and the seafloor. The thermocline reflectors appear between 0.2-1.0 s with mixed polarities; they do not appear as single reflections. Their amplitudes are roughly 300 times less than the bottom reflector. The deep reflecting layer at 1.55 s (1160 m) has a negative polarity (main peak is white), implying a step down in impedance with depth, the amplitude of which is 400 times less than the impedance contrast at the seafloor. A water-bottom first multiple is seen at 3.87 s with reverse polarity and an amplitude that is 14 times less than the bottom reflection.
Taking the ratio of the first bottom multiple to the bottom reflection yields a proxy for the bottom reflectivity r b (Wiggins, 1988) ,
The bottom reflectivity is related to the bottom impedance z b , and the seawater impedance z w as follows:
Solving yields
The reflectivity of the deep reflector (r d ) then can be estimated with reference to the bottom reflection as
This suggests that the deep-layer impedance (z d ) is less than the seawater impedance (z w ) by a factor of ∼3.6 × 10 −4 z w . Seismic imaging is dependent upon impedance contrasts to reflect energy. Impedance is the product of sound velocity and density, which are primarily related to temperature and salinity for pure seawater. In a deepwater subsurface release, such as the Macondo well, the jet/plume entrains cold and dense seawater. A portion of the hydrocarbon-seawater plume typically reaches a terminal depth within a few hundred meters of the release orifice (NRC, 2003) . This is consistent with the depth of the deep reflecting layer. The portion of hydrocarbon-seawater mixture that remains in a submerged layer has reached a state of neutral buoyancy, equal in density to the surrounding pure seawater (NRC, 2003) . Because the hydrocarbon-seawater layer is in a state of neutral buoyancy, variations in sound speed (not density) are the most significant factor in providing an impedance contrast for the submerged deep layer, allowing it to be imaged by seismic reflection profiling. The seawater sound speed at a depth of 1100 m is 1489 m∕s (Figure 4) . Because the deep layer has lower impedance than seawater of ∼3.6 × 10 −4 z w , the sound speed of the deep layer is less than that of seawater by ∼0.5 m∕s.
Based on the water-column profiles in Figure 5 , and many other profiles collected near the well, there is an association between CDOM anomalies and decreased sound velocity (JAG, 2010a (JAG, , 2010b , including some with negative sound-velocity anomalies as large as 0.4 m∕s, comparable to the sound-velocity contrast in the deep reflecting layer of up to ∼0.5 m∕s observed by seismic imaging. In Figure 4 , the negative sound-velocity step (0.24 m∕s) coinciding with the peak in CDOM results from the associated temperature decrease (0.09°C). Because the layer has a single negative step in sound velocity, we would expect it to yield only a single reflection with reversed polarity, consistent with the observed reflector in Figures 2 and 3 , and amplitude analysis shown in Figure 6 .
The remaining issue is how to explain the magnitude of the temperature anomaly and the level of neutral buoyancy of the deep layer. Simple dilution of the hydrocarbons to the very low values observed in the deep layer (∼4 ppb), does not provide sufficient density contrast to raise the hydrocarbon-seawater mixture to the observed level of the deep layer. The problem is complicated by phase changes of the hydrocarbon fluids as they ascend in the water column and other complex interactions with seawater. For instance, at these pressures and temperatures, gas in solution is converted to hydrates (Hester and Brewer, 2009 ). These and other issues make modeling the plume and entrainment dynamics exceedingly complex. We know of no model yet that deals adequately with these issues (NRC, 2003; Woods, 2010) but we are hopeful that they will be resolved. Turbulent entrainment of colder seawater from as little as ∼50 m below the deep layer could explain the temperature anomaly observed, although entrainment certainly occurs from the seafloor oil source to the level of the deep layer.
Potential for hydrocarbons to affect sound velocity
The presence of hydrocarbons in the seawater will change the sound velocity and density of the mixture. There are various forms of hydrocarbon (oil and gas), but they generally have lower sound velocity and density than seawater (Batzle and Wang, 1992; Daridon et al., 1998) . By combining seawater and hydrocarbons, the overall sound velocity and density should be lowered from that of pure seawater.
Large amounts of gas are present when hydrocarbons are extracted from great depth. It has been estimated that gas comprised 40% of the total mass of hydrocarbon released by the Macondo well (Lehr et al., 2010) . Gas makes a significant contribution of hydrocarbon to the water column because essentially all of the gas dissolves or forms hydrates rather than reaching the surface. The portion of gas that goes into solution in the oil lowers the sound speed of the gas-oil mixture (Clark, 1992) . Understanding the contribution of hydrocarbons in the deep reflective layer to the sound speed requires a model for the behavior of gas-oil mixtures at various pressures and temperatures (Batzle and Wang, 1992) . The properties of a gas-saturated oil can be found by adding a light liquid, representing the gas in solution, to the pure oil. For the conditions expected in the deep layer, and dependent upon the amount and phase of the gas, the calculated sound speed of the hydrocarbon can be at least 100 m∕s lower than the sound speed of seawater. For hydrocarbon and water mixtures, the change in sound speed with hydrocarbon concentration is nearly linear (Meng et al., 2006) . Using the measured CDOM anomaly of ∼4 μg∕L (4 ppb) for the hydrocarbon concentration yields a sound-velocity anomaly of only 4 × 10 −7 m∕s. Therefore, the hydrocarbons are not at high enough concentration to contribute significantly to the reflectivity of the deep layer.
CONCLUSIONS
We have shown that the deep reflector is associated with a temperature anomaly of the correct sign and magnitude to explain it, based on the agreement between profile sampling data and the seismic imaging. We also have shown that the hydrocarbon contribution to the sound velocity anomaly is too small to be significant.
Seismic imaging provides greater detail on the horizontal structure of the deep layer than is possible with profile sampling techniques. Combining seismic imaging with profile sampling yields insight into the nature of the deep seismic reflector, which is associated with temperature contrast at the level of neutral buoyancy. Although we have analyzed only two selected seismic lines collected during the Deepwater Horizon oil spill, the broad-scale application of seismic surveying provides a technique to map the spatial extent of deep layers at very high horizontal resolution. Documentation of seismic reflection imaging as a viable tool for studying the deep hydrocarbon layer will be important for future preparation for response to similar events in the future.
